IntroductIon
Many stone monuments suffer from various kinds of degradation; biodeterioration caused by algae, cyanobacteria, bacteria, archaea, fungi, and lichens is among the most destructive (Warscheid and Braams, 2000; Scheerer et al., 2009 ). The ancient structures of Angkor, Cambodia, one of the most famous cultural heritage sites in the world are suffering from serious biodeterioration. For example, the Bayon temple, known for its intricately carved bas-reliefs, are being lost due to exfoliation and the formation of biofilms, which are microbial layers of various colors formed on the stone surface. Exfoliate weathering where sandstone flakes off in large, flat pieces, is also damaging historical cathedrals and churches in Europe (Hirsch et al., 1995) .
Sulfur-oxidizing bacteria that excrete sulfuric acid are the dominant group of microorganisms involved in exfoliate weathering of sandstone at the Angkor site (Pochon and Jaton, 1967) . However, sulfur-oxidizing bacteria have not been detected on the historic monuments in northern Europe. Therefore, they are considered to play a major role in stone decay only under warm and wet conditions (Warscheid and Braams, 2000) , such as in Southeast Asia. The Angkor site has a tropical climate with high humidity. The density of sulfur-oxidizing microorganisms at Angkor, estimated annually using the most probable number (MPN) method, ranged from 10 1 to 10 5 MPN g −1 of deteriorated stone sample over a 10-year period. This data indicated their possible involvement of sulfur-oxidizing microorganisms in the deterioration of sandstone in this area (Li et al., 2008) .
Sulfur-oxidizing fungal strains, including Fusarium solani strain THIF01, have been isolated from the MPN-positive cultures inoculated with the deteriorated sandstone collected at Angkor To characterize sulfate-producing microorganisms from the deteriorated sandstones of Angkor monuments in Cambodia, strains of Mycobacterium spp. were isolated from most probable number-positive cultures. All five strains isolated were able to use both elemental sulfur (S 0 ) for chemolithoautotrophic growth and organic substances for chemoorganoheterotrophic growth. Results of phylogenetic and phenotypic analyses indicated that all five isolates were rapid growers of the genus Mycobacterium and were most similar to Mycobacterium cosmeticum and Mycobacterium pallens. Chemolithoautotrophic growth was further examined in the representative strain THI503. When grown in mineral salts medium, strain THI503 oxidized S 0 to thiosulfate and sulfate; oxidation was accompanied by a decrease in the pH of the medium from 4.7 to 3.6. The link between sulfur oxidation and energy metabolism was confirmed by an increase in ATP. Fluorescence microscopy of DAPI-stained cells revealed that strain THI503 adheres to and proliferates on the surface of sulfur particles. The flexible metabolic ability of facultative chemolithoautotrophs enables their survival in nutrient-limited sandstone environments.
form of ribulose 1,5-bisphosphate carboxylase/oxygenase were identified in Mycobacterium strain JC1 (Park et al., 2009 ). The role of assimilatory sulfur metabolism in the virulence, antibiotic resistance, and anti-oxidant defense of pathogenic Mycobacterium spp. has been examined (Schelle and Bertozzi, 2006) . However, this is the first study to suggest a link between sulfur oxidation, energy production, and chemolithoautotrophic growth in the mycobacteria. The results have important implications for the role of sulfur-oxidizing bacteria in the deterioration of sandstone in Angkor site.
MaterIals and Methods saMplIng of deterIorated sandstone
Sandstone samples were collected from deteriorated walls and nearground sections of pillars at Angkor Wat, Bayon, and Phnom Krom temples, Angkor, Cambodia during August 2003. Details of the sampling sites and the densities of sulfur-oxidizing microorganisms, enumerated by the MPN method, were previously reported (Li et al., 2008) .
IsolatIon of sulfur-oxIdIzIng bacterIa
Sulfur-oxidizing bacteria were isolated from MPN-positive cultures, grown in a liquid WS5 medium (3. Li et al., 2008) . Oxidation of S 0 was monitored by measuring the decrease in pH of the culture medium, due to the production of sulfuric acid, with a pH meter (Twin pH, Type B-212, Horiba, Kyoto, Japan). Sulfur-oxidizing bacteria from the most dilute MPN-positive cultures were isolated on agar plates of WS5 medium (Li et al., 2010) by serial streaking, and the colonies were then transferred to agar plates of PYG medium [2.0 g L −1 Polypepton (Nihon Pharmaceutical, Tokyo, Japan), 1.0 g L −1 Bacto yeast extract (Difco Laboratories, Detroit, MI, USA), 0.5 g L −1 glucose, pH 7.2] to which 15 g L −1 of Bacto agar (Difco Laboratories) was supplemented.
MorphologIcal and physIologIcal characterIzatIon
Morphological characteristics of the cultured bacteria were observed after Gram-staining. Catalase and oxidase activities were determined for all isolates. Catalase activity was tested in the presence of 3% hydrogen peroxide and oxidase activity was determined by a Pourmedia oxidase test (Eiken Chemical, Tokyo, Japan). To observe growth of strain THI503, cells were grown for 9 day in liquid medium of WS5 at 30°C with reciprocal shaking at 120 rpm, in the dark. The cells were stained with 4,6-diamidino-2-phenylindole (DAPI), and microphotographs were taken by single z-stack steps, using a BZ-8000 fluorescence microscope (KEYENCE, Osaka, Japan).
phylogenetIc IdentIfIcatIon
For phylogenetic analysis, isolates were cultured for 3 day in liquid PYG medium at 30°C with reciprocal shaking at 120 rpm, and genomic DNA was isolated from the harvested cells according to the procedure described by Saito and Miura (1963) . The DNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The 16S rRNA gene was amplified with primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1525R (5′-AAAGGAGGTGATCCAGCC-3′; Lane, 1991) , and then sequenced using a 3130x genetic analyzer (Applied Biosystems, CA, USA) as previously described (Li et al., 2010) . Sequence data were compiled with the GENETYX-MAC/ATSQ program version 4.2.1 (GENETYX Corporation, Tokyo, Japan) and compared with sequences in the GenBank database using BLAST version 2.2.24 (Altschul et al., 1990) . The data were then analyzed using the Clustal W Program version 1.83 (Thompson et al., 1994 ) with Kimura's (1980) distance method. A multiple sequence alignment was performed, and bootstrapping analysis with MEGA version 4 (Tamura et al., 2007) was used to generate a neighbor-joining phylogenetic tree (Felsenstein, 1985) , which was viewed with MEGA. The 16S rRNA gene sequences obtained have been deposited in the DNA Data Bank of Japan (DDBJ) under the following accession numbers: AB605019 for strain THI501, AB605020 for strain THI502, AB605021 for strain THI503, AB605022 for strain THI504, and AB605023 for strain THI505. Oxidation of S 0 was examined by measuring concentrations of thiosulfate and sulfate ions, and the decrease of medium pH in sulfate-free WS5 (WS5-S) medium (Li et al., 2010) . The sulfate salts in WS5 medium were replaced with chloride salts, and the production of sulfuric acid was measured. Strain THI503 was preincubated for 7 day in three 50-mL conical polypropylene tubes, each containing 15 mL of WS5-S medium, with reciprocal shaking at 120 rpm, at 30°C in the dark. The contents of the three tubes were then combined, and three 225-mL polypropylene conical tubes containing 50 mL of WS5-S medium were each inoculated with 5 mL of the pre-incubation culture. The tubes were incubated at 30°C with reciprocal shaking at 120 rpm in the dark. Medium that was not inoculated, and medium with strain THI503 but no S 0 , served as negative controls. pH and concentrations of thiosulfate and sulfate ions in the medium were measured periodically. Thiosulfate and sulfate concentrations were measured using an ion chromatograph (Model 861 Advanced Compact IC, Metrohm, Switzerland) as previously reported (Li et al., 2010) . All experiments were done in triplicate.
extractIon and MeasureMent of atp
To evaluate bacterial growth, ATP was measured by the bioluminescence method (Stanley and Williams, 1969) . Strain THI503 was cultured as described in section Oxidation of S 0 by strain THI503 except for using WS5 medium. ATP was extracted as reported (Rakotonirainy et al., 2003) and assayed using ATP assay mix (FLAAM, Sigma-Aldrich, MO, USA) and a LUMI-COUNTER 700 (Microtec, Chiba, Japan) at room temperature. ATP disodium salt hydrate (FLAAS, Sigma-Aldrich, MO, USA) was used to prepare the standard curve.
degradatIon of cos by straIn thI503
Degradation of COS by strain THI503 was measured according to the procedure described by Kato et al. (2008) . Strain THI503 was pre-incubated for 3 day in a test tube containing 10 mL of PYG medium, with reciprocal shaking at 120 rpm at 30°C in the dark. The pre-culture was then added to a 500-mL Sakaguchi flask containing 100 mL of PYG medium and incubated for 24 h.
sulfur-oxIdIzIng abIlIty of straIn thI503
Strain THI503 was selected for further analysis because it originated in a deteriorated sandstone wall in the Bayon temple where sulfuroxidizing microbes were found every year through the observation (Li et al., 2008) . Epifluorescence microscopy of DAPI-stained cells showed that strain THI503 cultivated in WS5 liquid medium grew on the surface S 0 particles (Figures 2A,B) . Planktonic cells of strain THI503 were much less abundant than attached cells (data not shown). Growth of cells adhering to solid surfaces, particularly to insoluble substrates, such as S 0 , have been reported for Thiobacillus thiooxidans (now Acidithiobacillus thiooxidans; Schaeffer et al., 1963) , Ferrobacillus ferrooxidans and Thiobacillus ferrooxidans (now Acidithiobacillus ferrooxidans; Dugan and Lundgren, 1964; McGoran et al., 1969) , and Sulfolobus acidocaldarius (Brock et al., 1972; Shivvers and Brock, 1973) . S 0 is hydrophobic. When incubated with strain THI503 for 7 day, however, the sulfur became "wet" (Figure 2C ) and easily diffused in the WS5 medium (Figure 2D) , indicating that being covered with bacterial cells reduced its hydrophobicity. S 0 in the non-inoculated tube remained floating on the medium, due to hydrophobicity ( Figure 2E) . Adherence of strain THI503 cells may promote solubilization of S 0 and help the bacteria acquire nutrients (Knickerbocker et al., 2000) . When strain THI503 was incubated in mineral salts medium with S 0 as the sole energy source, the pH of the medium decreased from 4.7 to 3.6, and 1.1 ± 0.3 mol thiosulfate and 0.1 ± 0.1 mol sulfate accumulated in 50 mL culture after 22 day (Figure 3) .
atp MeasureMent
Estimating the growth of strain THI503 in mineral salts medium with S 0 after DAPI staining and epifluorescence microscopy was difficult, because solid particles of S 0 impeded microscopic observation and the cells adhered so tightly to the surface of S 0 that detaching them was problematic. Therefore, an increase in ATP was used to confirm growth in the mineral salts medium, assuming that the energy was produced through the oxidation of S 0 . ATP reached a maximum of 300 pmol in 50 mL culture after 12 day (Figure 4) . Control culture without added sulfur reached only around half that ATP concentration; the increased ATP probably derived from ∼1 g L −1 S 0 transferred from the pre-culture medium. By comparing to the reported data on the content of ATP in Mycobacterium bovis (1.014 fg per a colony-forming unit, Cells were collected by centrifugation at 5,000 × g for 15 min, and then rinsed three times with autoclaved 25 mM phosphate buffer (PB, pH 7.0). The aqueous phase was discarded, and fresh PB was added to prepare the cell suspension. Volumes of 10 mL were dispensed into Pyrex test tubes (180 mm × 18 mm), which were sealed with butyl rubber caps. We then added 11.5 μL 10.5% COS gas with N 2 as the balance gas (Nissan Tanaka, Saitama, Japan) to headspace to make a final COS mixing ratio of 25 parts per million by volume (ppmv). As a control, 10 mL of sterile PB was dispensed into test tubes. A gas-tight microsyringe was used to obtain 50 μL of headspace gas, which was injected into a gas chromatograph (GC-14B, Shimadzu, Kyoto, Japan) with a flame photometric detector and a glass column packed with Porapak QS (50-80 mesh, Waters Associates, MA, USA) as described previously (Katayama et al., 1992) . Organic carbon was measured by using a wet oxidation-non-dispersive infrared gas analyzer (Seto and Tange, 1980) .
results

IsolatIon and phylogenetIc analysIs of sulfur-oxIdIzIng bacterIa
Bacterial colonies on WS5 agar plates were around 0.1 mm in diameter, circular, entire, convex, and transparent. Five strains -THI501, THI502, THI503, THI504, and THI505 -were isolated from the deteriorated stone samples from the Angkor Wat, Bayon, and Phnom Krom temples ( Table 1) . On PYG agar medium, all isolates formed colonies within 3 day at 30°C in the dark that were approximately 1 mm diameter, circular, smooth, entire, and convex. Color of the colonies of strains THI501, THI504, and THI505 were pale yellow, and that of strains THI502 and THI503 were creamy white. All isolates were catalase positive and oxidase negative. Microscopic observation revealed that all isolates were Grampositive rods and acid-fast positive.
Phylogenetic analysis of 16S rRNA gene sequences showed that all isolates belonged to the rapid grower group of the genus Mycobacterium (Figure 1) . Strains THI501, THI504, and THI505 were most closely related to Mycobacterium pallens (DQ370008; Hennessee et al., 2009) , and strains THI502 and THI503 to Mycobacterium cosmeticum (AY449728; Cooksey et al., 2004) . Because all isolates grew in both the mineral salts medium supplemented with S 0 and the PYG medium, they were considered to be facultative chemolithoautotrophic bacteria. tube. Total organic carbon from strain THI503 was estimated to be 1.62 mg C. By comparing to the reported data on the carbon content of cell in Pseudomonas putida (1.1 × 10 −13 to 3.1 × 10 −13 g of carbon cell −1 , Bratbak, 1985) , bacterial cell in the test tube was calculated as 4.8 × 10 9 to 1.4 × 10 10 cells and estimated COS degraded per cell per hour was estimated as 3.3 × 10 −10 to 9.2 × 10 −10 nmol COS cell −1 h −1 . Figure 5 showed that 25 ppmv COS was degraded by strain THI503, however, at ambient atmospheric levels (500 pptv; Torres et al., 1980; Bandy et al., 1992; Chin and Davis, 1995) , COS was not degraded by strain THI503 under experimental condition used (data not shown).
dIscussIon
Analysis of morphological and physiological characteristics indicated that all five strains isolated as sulfur-oxidizing bacteria were closely related to the genus Mycobacterium. Comparison of 16S rRNA gene sequences supported this conclusion (Figure 1; Table 1 ). All five strains isolated in the present study developed visible colo-CFU; Prioli et al., 1985) , bacterial density in WS5-S medium was calculated to be 1.5 × 10 7 CFU tube −1 at the maximum of 300 pmol ATP (1.5 × 10 7 fg).
degradatIon of cos by straIn thI503
Degradation of COS by strain THI503 was analyzed to know of the possibility whether COS is one of the sources of sulfur for sulfuric acid in the deteriorated sandstone. COS in the headspace of the liquid cultures with no bacterial inoculation decreased from 24 ppmv (39 nmol) to 18 ppmv (30 nmol) during the 6.5-h incubation (Figure 5) . The decrease indicated that COS gas dissolved into the liquid medium, because the solubility of COS in water is 1.15 g kg -1 (19 nmol mL -1 ; Yaws, 1999) . In contrast, test tubes inoculated with strain THI503 showed a decrease in COS in the headspace from 25 ppmv (40 nmol) to 1 ppmv (2 nmol) in 6.5 h. Thus, COS degraded by strain THI503 was 29 nmol in 6.5 h. At the same time, total organic carbon increased to 1.86 ± 0.03 mg C in the inoculated tubes, while only 0.24 ± 0.04 mg C was found in the non-inoculated medium. Mycobacterium spp. are known to produce sulfated metabolites, such as sulfated glycolipids (Mougous et al., 2002) ; however, a link between sulfur oxidation and energy metabolism has not been reported. Sulfates were found in most of the samples of the salts and deteriorated sandstones taken from Angkor Wat, Bayon, and Phnom Krom temples. The primary source of sulfur in deteriorated sandstone was assumed to be bat dropping, based on stable isotope analysis (Hosono et al., 2006) . Since low concentrations of sulfur compounds can limit survival and growth of sulfur-oxidizing bacteria (Graff and Stubner, 2003; Anandham et al., 2008) , the ability to switch between chemolithotrophy and chemoorganotrophy, or to use sulfur compounds by co-oxidation in addition to organic substrates, would be advantageous in nutrient-limited environments such as sandstone surfaces. Strain THI503 degraded COS when it was provided at 25 ppmv, but not at 500 pptv under the experimental conditions employed here. Considering that Mycobacterium spp. isolated from soils (Kato et al., 2008) and sulfur-oxidizing fungi isolated from deteriorated sandstones in Angkor site (Li et al., 2010) degraded COS at both high (30 ppmv) and ambient (500 pptv) levels, it is unclear whether strain THI503 can use COS as a sulfur source under ambient conditions. Experiments to test the utilization of other reduced sulfur compounds such as sulfide, thiosulfate, sulfite, and tetrathionate by these Mycobacterium spp. isolates are in progress.
Although pathogenic species have been reported in the rapidgrowth group of Mycobacterium (Brown-Elliott and Wallace, 2002) , none of the isolates were closely related to those species. All five isolates fell into either M. pallens or M. cosmeticum by 16S nies within 7 day on PYG agar media, which is characteristic of rapid-growth species in the genus. Although, both sulfur-oxidizing bacteria and Mycobacterium spp. have been found by means of MPN and DGGE, respectively from corroded concrete sewer pipes (Vincke et al., 2001) , no sulfur-oxidizing Mycobacterium had previously been cultured. The present study provides the first evidence of facultative chemolithoautotrophic ability of sulfur oxidation species of the genus Mycobacterium.
All five strains isolated in the present study were found to be facultative sulfur-oxidizing bacteria, able to grow in both mineral salts medium with S 0 and chemoorganoheterotrophic PYG Cultures were allowed to stand for 5 min (C), followed by brief shaking (D). In the absence of strain THI503, some S 0 remained floating on the surface of WS5 medium (e).
pounds in Gram-positive bacteria, activities of sulfur dioxygenase (SDO) and other relevant enzymes were reported for Sulfobacillus thermosulfidooxidans (Egorova et al., 2004; Rohwerder and Sand, 2007 (Chen et al., 2005) . SOR activity results in the concomitant formation of sulfite and sulfide; the sulfite can either react abiotically with excess S 0 or be oxidized by SAR (Rohwerder and Sand, 2007) . Sor genes have been identified in a novel mesophilic Acidithiobacillus sp. strain SM-1, as well as in archaea (Chen et al., 2007; Kletzin, 2008) . Based on the higher accumulation of thiosulfate compared to sulfate, strain THI503 probably oxidizes S 0 by the SOR pathway. The search for a gene relevant to sulfur oxidation by strain THI503 is in progress.
conclusIon
The MPN approach used to isolate the bacterial strains reported here indicated that the sulfur-oxidizing microorganisms occurred at 10 3 -10 4 cells g -1 of deteriorated sandstone in the Angkor monuments. All five isolates were characterized as facultative chemolithoautotrophic sulfur-oxidizing bacteria by growth in both mineral salts medium with S 0 and chemoorganoheterotrophic PYG medium. The isolates were most closely related to M. pallens or M. cosmeticum by 16S rRNA gene sequence comparisons. Thus, the present study provides the first evidence of facultative chemolithoautotrophic sulfur oxidation with S 0 in the species of the genus Mycobacterium.
acknowledgMents
The authors thank APSARA Authority and Ministry on Environment, Kingdom of Cambodia, for permission to collect stone samples from monuments and transport to Japan, and Plant Protection Station of Japanese Ministry of Agriculture, Forestry, and Fisheries, for permission to import the stone samples. This research was supported by Japanese Government Team for Safeguarding Angkor and by a Grantin-aid for Scientific Research (No.19251001 ) from the Ministry of Education, Culture, Sports, and Technology of Japan. Assistance of Hideo Arai, and Ichita Shimoda in sampling is appreciated. rRNA sequences. M. pallens was isolated from a soil as a bacterium degrading polycyclic aromatic hydrocarbons (Hennessee et al., 2009) ; M. cosmeticum was isolated from a cosmetic and nail salon (Cooksey et al., 2004) .
Strain THI503 achieved a density of around 1.5 × 10 7 CFU (50 mL culture) −1 in mineral salts medium with S 0 , with accumulations of 1.1 ± 0.3 mol thiosulfate and 0.1 ± 0.1 mol sulfate. The higher amount of thiosulfate suggests that the sulfate formed was rapidly used for biosynthesis in the sulfate-free medium, WS5-S. Although little is known about the oxidation of sulfur com- 
